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TECHNICAL MEMORANDUM 


FINITE ELEMENT MODELS OF THE 
SPACE SHUTTLE MAIN ENGINE 

I. INTRODUCTION 


This report documents the culmination of a 2 year effort from May 1976 
to April 1978 to develop finite element models as input to dynamic simulations 
of the High Pressure Fuel Turbopump (HPFTP), the High Pressure Oxidizer 
Turbopump (HPOTP), and the Space Shuttle Main Engine (SSME). 

These models were developed using the SPAR finite element computer 
program maintained by Engineering Information Systems, Inc. , San Jose, 
California. 

Mass distribution, seal and bearing stiffnesses, and empirical test data 
for the individual turbopumps were supplied through working papers and internal 
letters furnished through the SSME prime contractor, Rocketdyne Division, 
Rockwell International, Canoga Park, California. 

Mass distribution and actuator stiffness for the SSME were provided by 
the Shuttle Projects Office, George C. Marshall Space Flight Center (MSFC), 
Alabama. 

Engineering drawings were obtained from the Documentation Repository, 
MSFC, Alabama. 

Descriptions are provided for the five basic finite element models: 
HPFTP rotor, HPFTP case, HPOTP rotor, HPOTP case, and SSME (excluding 
turbopumps) . 

Modal results are presented for the HPFTP rotor, HPFTP case, coupled 
HPFTP rotor and case, HPOTP rotor, HPOTP case, coupled HPOTP rotor and 
case, SSME (excluding turbopumps) , and SSME (including turbopumps). 

Results for the SSME (including turbopumps) model are compared to 
data from a SSME HPOTP modal survey conducted at the NSTL, Bay St. Louis, 
Mississi{^i. 



II. THE HPFTP ROTOR MODEL 


The HPFTP rotor (Fig. 1) consists of a stack of three centrifugal 
impellers held together by a common central tie-bolt under tension. These 
three impellers act as a three-stage centrifii^al pump when driven by the two- 
stage hot gas turbine threaded to the head of the tie-bolt. The rotor is su^^orted 
within the HPFTP case by double ball bearii^s at either end, i^mp interst^e 
seals, ai^ a balance piston to limit axial translation. Nominal operating speed 
of the rotor is between 23 700 rpm (Minimum Power Level, MPL) and 37 360 
rpm (Full Power Level, FPL). 

The SPAR model of the rotor, an adaptation of a Rocketdyne model based 
on rotor geometry, is composed of 12 joints with 72 ctegrees -of -freedom and 
14 beam elements of which two are Bently arms at the pump end of the rotor 
shaft. Dimensions, mass distribution (neglecting entraped LH 2 ) , ami beam 
element connectivity and properties are listed in Table 1. 

Table 2 lists HPFTP rotor free-free frequencies and modal descriptions 
throu^ the first axial mode for the baseline "637 Hz" rotor ami an interim 
parametric study "500 Hz" rotor which was obtained by artificially reducing 
Young's Modulus of the baseline rotor. The "500 Hz" rotor is discussed furdier 
in Section IV. Figures 2 and 3 depict the first two rotor free-free bending 
modes (dotted lines) relative to the HPFTP case. The short solid lines 
apparently connectii^ the rotor and case actually illustrate the displacement 
loci of rotor bearing and seal locations from tiie rotor i^utral position. 


III. THE HPFTP CASE MODEL 


The HPFTP case (Fig. 4) which encloses and supports the HPFTP rotor 
is, in turn, cantilevered from the SSME via a hot gas manifold which ducts 
e^diaust gases from the pump turbine into the SSME powerhead. A preburner 
powers the turbine. The case also sut^rts two aluminum diffusers by means 
of internal lugs. These diffusers duct the LH 2 between the three rotor impellers. 
Instrumentation added to the case for sin^e engine firing tests include Uiree 
radial accelerometers attached to the case inlet flange; an axial and two radial 
accelerometers attached to the turbine flange; and an axial r.ccelerometer, an 
axial Bently, and two radial Bentlys attached to the pump inlet case. 
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The SPAR model of the case was initially, like the rotor, an adaptation 
of a Bocketdyne model. However, as empirical data from Rocketdyne rap teste 
and static ir^uence coefficients tests became available, the SPAR model was 
modified ac<»rdingly. Thus the beam element properties of the hot gas manifold 
were adjusted to match pump cantilever frequencies of 47 and 100 Hz. Static 
influence coefficients were obtained by bolting the turbine flange (Joint 31) to a 
rigid fixture and radially loading the pump bearing sup{)ort (joint 37) , the first 
diffuser seal support (joint 35) , the pump inlet flange (joint 49) , and the turbine 
bearing support {.joint 30). stiffness values matched at these locations were 
1. 360 X 10® N ^m at the pump bearing supix>rt, 2. noo x 10® N m at the first 
diffuser seal support, 5. 341 x 10® N m at the pump inlet flange, and 2.995 x 
10® N '^m at the turbine bearing supjxirt. 

The case model is composed of 19 joints with 10 s degrees-of-freedom, 
two intrinsic stiffness elements which simulate lug contact between diffusers 
and case, and 19 beam elements of which seven are accelerometer or Bently 
arms. Dimensions, mass distribution, intrinsic element connectivity and stiff- 
nesses, and beam element connectivity and properties are listed in Table 3. 

An intrinsic stiffness element has the same orientation and notation as 
a beam element (Fig. 5), but its stiffness values, Kj], are input directly into 
the SPAR program rather dian computed indirectly as are beam element stiffness 
values from the beam element properties. 

Table 4 lists 21 HPFTP case cantilever frequencies and modal descrip- 
tions. Figures 6 and 7 depict two representative case modes (dotted lines) 
8U|ierimjx)scd over the case neutral position. 


IV. THE COUPLED HPFTP ROTOR AND CASE (RPL) 


Ten parametric configurations of the coupled HPFTP rotor .and case were 
studied for tlieir effect on pump frequencies, stability, and o{)erating loads. 

Eight of these configurations involved a combination of one of the rotors of 
Section II, a set of the seals of Table and a set of the bearing carrier.^ of 
Table 5. The remaining two configurations were a modification of the HPFTP 
rotor and case to replace the first diffuser seal (joints 22 and 3.5) with the pump 
bearing (.joints 20 and 37). 

The baseline configuration, number 7, couples the rotor and case together 
with five intrinsic stiffness elements: two elements for the double ball bearings 



(1.313 X 10* N/m) and carriers in series, one element for the balance piston, 
and two elements for smootii seals between the impellers. The inbrinsic stiff- 
trass elements for bearii^s/carriers and seals have only radial truislational 
stiffnesses, and the balance ii^ston element has only axial trairalational stiffness. 
All seal stiffness values llst^ in Table 6 are for bie Bated Power Level (RPL) 
and are proportional to the stpiare of the rotor speed. 

Table 7 lists 21 frequencies and modal descri{^ons of the coupled base- 
line HPFTP rotor and case. Figures 8 throu^ 10 depict three pump modes 
ejdiibiting significant rotor motion: translation, rocking, and bending. The 
short solid lines represent physical bearings/carriers and seals. 


V. THE HPOTP ROTOR MODEL 


The HPOTP rotor (Fig. 11) consists of a hollow shaft with an integral 
turbine disc. Over die shaft is a double centrifugal main impeller which inputs 
LOX at both ends and cueputs at a common center. This impeller is clamped to 
the shaft by a ai die pump end, splined at the center, and is free to slide 
axially at the turbine end. A smaller sin^e centrifugal impeller is bolted to the 
pump end of the shaft and supports double ball bearings. A second turbine disc 
is bolted to the turbine end df the shaft. Double ball bearings and multiple seals 
interposed between the main impeller and the two stage turbine complete (he 
rotor support. Nomhial operating speed of the rotor is between 19 840 rpm 
(MPL) and 30 965 rpm (FPL). 

Unlike the HPFTP rotor, the HPOTP rotor had Bocketdyne empirical 
data in the form of a free-free first bending frequency (dry and without turbine 
blades) of 475 Hz and its associfded mode shape available as modeling aids. 
These empirical data and a rotor modeled initially upon geometry were used as 
iniHit to the MOUSE (Model Optimization Using Statistical Estimation) program 
which comfxited pseudo rotor geometry necessary to match the empirical data. 

The SPAR model of the rotor is composed of 15 Joints witti 90 degrees- 
of-freedom and 14 beam elements. Dimensions, mass dis^ibution (wet, l.e. , 
Including entra()ed LOX and turbine blades) , and beam element connectivity and 
properties are listed in Table 8. 

Table 9 lists HPOTP rotor free-free frequencies and modal descriptions 
diroui^ the first axial mode. Note that entraped LOX and die turbine blades 
reduM the first bemling frequent of the model to 470. 4 Hz. Figures 12 and 13 
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(k’pU’l llu' fii*8l («•«' rol»»r livr-lroo iH’itdinK (doited relative k* the 

IIIKITP rase. The 8lu>rl solid lines illustraU' Uu* displacement loci of rotor 
buorii^ and seal locations from the rotor neutral position. 


VI. THE HPOTP CASE MODEL 


The HPOTP case (Fig. 14) which encloses and supports the HPOTP 
rotor is, in turn, cantilevered from the op))osite side of the SSME from the 
HPFTP case via its own hot gas manifold from the SSME ix»wor head. A pre- 
burner powers the turbine. Instrumentation added to the case for single engine 
firing tests include three radial accelerometers attached to the turbine flange 
and three axial and three radial accelerometers attached to the preburner pump 
case. 


The SPAR model of the HPOTP case, like Uie rotor, was not developed 
by Rocketdyne, but, like the HPFTP case, benefited from Rocketdyne rap tests 
and static inTuence coefficients tests. Thus the beam element properties of the 
hot gas manifold were adjusted to match isjmp cantilever frequencies of 70 Hz and 
115 Hz. Static influence coefficients were obtained by bolting the turbine flange 
(joint 69) to a rigid fixture and loading the pump flange (between joints 65 and 
67) axially and radially in the radial y and z directions. Deflection values 
matched at the pump flange were 1. 892 x 10“^ m in the radial y direetton and 
1.969 X 10"^ in the radial z direction. 

The case model is composed of 23 joints with 132 degrees-of-freedom, 
one intrinsic stiffness element which simulates the interstage ring support within 
the case, and 22 beam elements of which six are accelerometer arms. Dimen- 
slonsi mass distribution, intrinsic stiffness element connectivity and stiffnesses, 
and beam element connectivity and properties are listed in Table 10. 

Table 11 lists 16 HPOTP case cantilever frequencies and modal descrip- 
tions. Figures 15 and 16 depict two representative case modes (dotted lines) 
8U|)erimp)osed over the case t^utral position. 


VI I. THE COUPLED HPOTP ROTOR AND CASE (RPL) 


The HPOTP model was initially configured to have the capability to 
incorporate nine seals; two preburner impeller seals, four seals including a 
labyrinth seal and a hot gas seal between the turbine bearing and the two stage 
turbine, two turbine disc seals, and a turbine interstage seal. However, only 



the hot gas seal was ultimately modeled of the four seals between the turbine 
bearing and the two-stage torUne. Thus the HPOTP rotor and case are coupled 
toother by nine intrinsic stiffness elements: two elements for the prebumer 
impeller seals, one element for the pump double bearings (1.401 x 10* N/m) 
and carrier in series, one element for the balance piston, one element for the 
turbine double bearings (2.102 x lO* N/m) and carrier in series, one element 
for the hot gas seal, two elements for the turbine disc seals, and one element 
for the turbine interstage seal. The intrinsic stiffness elements for bearings/ 
carriers and seals have only radial translational stiffnesses, and the balance 
piston element has only axial translational stiffness. All seal stiffness values 
listed in Table 12 are for RPL and are proportional to the square of the rotor 
speed. 


Table 13 lists 21 frequencies and modal descriptions of the coupled 
HPOTP rotor and case. Figures 17 throufdi 20 depict four pump modes eidiibiting 
significant rotor motion: rocking, bending, translation and, again, bending. The 
short solid lines represent physical bearings carriers and seals. 


VIM. THE SSME MODEL (RPL) 

The SSME, Figure 21, consists of an expansion nozzle, combustion 
chamber, two actuator quadrapods, the HPFTP of Section IV, and the HPOTP 
of Section VII. 

As the SPAR program is incapable of direct input of beam elements of 
nonuniform cross section, it was necesr ary to create finite element models of 
short segments of the expansion nozzle (joints 1 through 11) and apply appro- 
priate static loads and boundaj'y conditions to these models to obtain data for 
equivalent intrinsic stiffness elements. Because of structural complexity, 
similar models were created to obtain equivalent intrinsic stiffness elements for 
the lower combustion chamber (joints 11 and 12), the upper powerhead (joints 
14 and 13) , and bi{x>d subassemblies of the actuator quadrapods (joints 16 and 
17). Not shown in Figure 21 are joints 18 ami 19 which serve as actuator attach 
points of the single engine test fixture. 

The SPAR model of the SSME (excluding turbopumps) is com|)osed of 
19 joints with 98 degrees -of -freedom; two beam elements; and 18 intrinsic 
stiR^ness elements: ten elements for the expansion nozzle, two elements for the 
combustion chamber and powerhead, four elements for tiie actuator quadrapods, 
and two elements for the actuators (axial translational stiffoess only). Dimen- 
sions, mass distribution (wet, i.e. , filled lines and pumps), intrinsic stiffness 
element connectivity and stiffnesses, and beam element connectivity and pro;jer- 
ties arc listed in Table 14. 
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Table 15 lists 30 frequencies and modal descriptions of the %ME 
(cxcludii^ turbopumps) . Figures 22 throu^ 25 depict four representative 
bending modes (dotted lines) of the SSME (excluding turbopumps) superimposed 
over its i^utral position. 

Table 16 lists so frequencies and modal descriptions of the SSME 
(including turbopumps) . Figures 26 through 29 depict four representative 
modes (dotted lines) of the SSME (indudit^ turbopumps) exhibiting significant 
motion of the pump rotors. 

Figure 30 depicts the frequency spectra for each cantilevered pump and 
the SSME. Of special note is the large "deadband" for the HPOTP between 
300 ami 500 Hz which disaf^ears when the pumps are coi^led to the SSME. 


IX. SUMMARY 


Between August 29 and September 1, 1977, the Structural Dynamics 
Research Corporation (SDRC) performed a modal survey test of an SSME at 
the National Space Technology Laboratory, Bay St. Louis, Mississippi. The 
test was conducted by exciting the SSME structure v\ith a load cell equipped 
hammer and measuring the response with a triaxial accelerometer at the 22 
locations as twted in Figure 31. Documented results of the test comprise 
transfer functions, natural frequencies, modal damping valves, and mode 
shapes for fifteen selected modes. 

The natur.al frequencies for the fifteen modes are compared graphically 
(Fig. 32) to the natural frequencies predicted by the SSME (including turbo- 
pumps) model. 

Table 17 lists the 15 modes together with the SDRC modal descriptions 
against the equivalent math model frequencies. For the given frequency sample, 
the math model predicted nine modes within *5 percent, three modes within 
ilO percent, and failed to predict three modes. 
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Figure 2. HPFTP rotor, mode 7. 



Figure 3. HPFTP rotor, mode 11. 
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b) ELEMENT STIFFNESS MATRIX 

FiRuro f). Intrinsic stiffness element notation. 
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FREQUENCY (Hi) 0.214439 x 10^^ 

Figure (i. HPFTP case, mode 4. 



FREQUENCY (Hi) 0.275479 x 10^^ 

Figure 7, HPFTP case, mode 5. 
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FREQUENCY (Hz) 0.320980 x 10"^ 

Figure S. Coupled HPFTP rotor and case (RPL), mode 8. 
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FREQUENCY (Hz) 0.423953 x 10^^ 

Figure 9. Coupled HPFTP rotor and case (RPL), mode 10. 
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FREQUENCY (Hi) 0.262734 x 10^® 

Figure 15. HPOTP case, mode 3. 



FREQUENCY (Hi) 0 662861 x 
Figure 16 . HPOTP case, mode 5. 
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FREQUENCY (Hi) 0.257877 » 

Figure 17. Coupled HPOTP rotor and case (FPL), mode .'3. 



FREQUENCY (Hi) 0.536451 ■ 

Figure l*^. Coupled HPOTP rotor and case (RPL), mode 9. 




FREQUENCY (Hi) 0.6M; .!x 10^ 

Figure 19. Coupled HPOTP rotor and case (RPL), mode 11. 
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Figure 20. Coupled HPOTP rotor and case (RPL), mode 13. 







FREQUENCY (Hz) 0.411693 lO'^^ 

Figui’C 24. SSME (excluding turbopumps}, mode is. 



FREQUENCY (Hz) 0.415275 ■ 10^^ 

Figure 25. SSME (excluding turbopumps) , mode l‘J. 
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MEASUREMENT POINT 

DESCRIPTION 

1 (2) 

HPOTP PUMP FLANGE 

3 

HPOTP DISCHARGE VOLUTE 

4(5) 

HPOTP TURBINE FLANGE 

6(7) 

HPOTP PREBURNER TOP 

8(9) 

BASE OF HPOTP MANIFOLD 

10 

MAIN INJECTOR BASE 

15 (16) 

MCC INLET 

13 (14) 

MCC NOZZLE MANIFOLD 

12 

MCC TOP 

17 (18) 

HPFTP PREBURNER TOP 

19(20) 

HPFTP TURBINE FLANGE 

21 (22) 

HPFTP PUMP FLANGE 

NOTE; POINTS IN PARENTHESIS ARE ON THE "BACK" OF 
THE STRUCTURE 


Figure 31. SSME measurement points. 
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Figure 32, Comparison of SSME model and HPOTP modal survey frequencies 



TABLE la. HPFTP ROTOR MODEL DATA 
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TABLE lb. HPFTP ROTOR MODEL DATA 










HPFTP ROTOR MODES 




TABLE 3a. HPFTP CASE MODEL DATA 
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TABLE 3b. HPFTP CASE MODEL DATA 
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TABLE 3c. HPFTP CASE MODEL DATA 

















HPFTP CASE MODES 
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TABLE 7. COUPLED HPFTP ROTOR AND CASE MODES (RPL) 
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TABLE 8b. HPOTP ROTOR MODEL DATA 
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TiVBLE 9. HPOTP ROTOR MODES 
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TABLE 10a. HPOTP CASE MODEL DATA 
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Relative to a rectangular coordinate frame which shares a common origin and x-axis with joints 64 through 79, 
82, 84, and 86 but rotated 135 deg about the x-axis. 



TABLE 10 b. HPOTP CASE MODEL DATA 
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TABLE 10c. HPOTP CASE MODEL DATA 
















TABLE 11. HPOTP CASE MODES 


i 

I 



o 


'C 

c 




CO 

o 

a 

2 

0) 

a 

rt 


•ir> 




TABLE 12. HPOTP ROTOR AND CASE COUPLING ELEMENTS 
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TABLE 12. (Continued) 





















TABLE 12. (Concluded) 
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TABLE 13. COUPLED HPOTP ROTOR AND CASE MODES (RPL) 
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Rcfrr to Figures 17 through 20 and Figure 30. 



TABLE 14a. SSME MODEL DATA 
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TABLE 14b. SSME MODEL DATA 























TABLE 14c. (Continued) 
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TABLE 14c. (Continued) 
































TABLE 14c. (Concluded) 
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TABLE 15. SSME MODES (EXCLUDING TURBOPUMPS) 




Mode 

Frequency (Hz) 

Description 

1 

14.1 

Rocking, Z 

2 

14.1 

Rocking, Y 

3 

16.9 

First Torsion, X 

4 

45.0 

First Bending, Z 

5 

54. 1 

First Bending, Y 

6 

70.1 

Second Torsion, X 

7 

86.6 

Second Bending, Z 

8 

102.1 

Actuator Arms 

9 

104.6 

Actuator Arms 

10 

115.1 

Second Bending, Y 

11 

190.7 

First Axial, X 

12 

240. 9^ 

Third Bending, Z 

13 

261.5 

Second Bending, Y 

14 

296.4 

Third Torsion, X 

15 

311.1® 

Second Bending, Z 

16 

367.3 

Fourth Torsion, X 

17 

377.7 

Second Axial, X 

18 

411,7® 

Third Bending, Y 

19 

415.3® 

Third Bending, Z 

20 

441. 1 

Third Bending, Y 

21 

462.4 

Actuator Arms 

22 

527.6 

Actuator Arms 

23 

552.4 

Third Bending, Z 

24 

596.9 

Third Bending, Y 

25 

661.4 

Third Axial, X 

26 

668.7 

Fifth Torsion, X 

27 

686.2 

Actuator Arms 

28 

764.9 

Fourth Axial, X 

29 

770.2 

Fourth Bending, Z 

30 

791.9 

FourUi Bending, Y 


a. Refer to Figures 22 through 25 and Figure 30. 
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TABLE 16. SSME MODES (INCLUDING TURBOPUMPS) 


Mode 

Frequency (Hz) 

Description 

1 


HPFTP Rotor Free Spin, X 

2 

— 

HPOTP Rotor Free Spin, X 

3 

13.5 

Engine Rocking, Y 

4 

13.7 

Engine Rocking, Z 

5 

14.7 

First Engine Torsion, X 

6 

38.4 

First Engine BetKiing, Y 

7 

39.7 

First Engine Bending, Z 

8 

52.7 

Second Engine Torsion, X 

9 

53. 1 

HPFTP Rocking, Y 

10 

67.6 

HPOTP Rocking, Y 

11 

79.7 

Pumps Rocking in Phase, Z 

12 

99.9 

Actuator Arms (HPFTP Rocking, Z) 

13 

100.0 

Actuator Arms 

14 

116.1 

Second Engine Bending, Y 

15 

126.7 

First Engine Bending, Z (Pumps Rocking in Phase, Z) 

16 

138.4 

Pumps Rocking Out of Phase, Z 

17 

181.2 

First Engine Axial ( Pumps Rocking, Y) 

18 

200,7 

First HPFTP Diffuser Torsion, X 

19 

212.6 

HPFTP Case Rocking + Bending, Y (Engine Ax al) 

20 

232,4 

HPOTP Rotor Rocking, Z 

21 1 

245.6 

HPOTP Rotor Pocking, Z (Engine Bending) 

22 

249.7 

HPOTP Rotor Rocking, Y 

23 

256.2® 

Pump Rotors Rocking, Z 

24 

266.1 

HPOTP Rotor Bending, Y (Engine Bending) 

25 

284.1 

HPOTP Case + Rotor Bending, Z 

26 

290.1 

HPFTP Rotor Translation, Y 

27 

300.2 

HPFTP Rotor Translation, Z (HPOTP Bending) 

28 

301. 1 

HPOTP Case and Rotor Bending, Y 

29 

316.9 

HPFTP Rotor Rocking, Z 

30 

331.0® 

Pump Rotors Rocking, Z ( Engine Bending) 

31 

373.2 

HPFTP Rotor Rocking, Z (Engine Torsion) 

32 

386.5 

HPFTP Rotor Rocking, Y (Engine Axial) 

33 

406.6® 

Pump Cases and Rotors Bending, Y (Engine Axial) 

34 

415. 5® 

Third Engine Bending, Z (HPFTP Rocking) 

35 

424.9 

HPFTP Rotor Rocking, Z (Engine Bending) 

36 

432. 5 

HPFTP Rotor Rocking, Y 

37 

442.9 

Third Engine Bending, Y 

38 

463.6 

Actuator Arms 

39 

464.7 

HPFTP Rotor Axial, X 

40 

500.3 

HPFTP Case and Rotor Rocking, Z 


a. Refer to Figures 26 through 30. 
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TAm-E 10. (Conchuk'd) 


Mode 

Frequency (Hz) 

Descrii^ion 


513.7 

HPFTP Rotor Bending, Y 


519.3 

HPFTP Rotor Bending, Z 


527.8 

HPOTP Rotor Bending, Y 

44 

533.3 

Actuator Arms (HPOTP Rotor Bemiing, Y) 

45 

536.1 

HPOTP Rotor Bending, Z 

46 

543.4 

HPFTP Turbine Case Torsion (Engine Bending, Z) 

47 

568.6 

HPFTP Diffuser Bending, Y (HPOTP Rotor Bendii«) 

48 

568.8 

HPFTP Turbine C^e Torsion (Engine Bendii^, Z) 

49 

576.8 

HPFTP Diffuser Bending, Z 

50 

578.0 

First HPFTP Diffuser Bending, Y (HPOTP Rotor 
Bending) 

51 

596.6 

HPOTP Rotor Translation, Z 

52 

605.8 

HPOTP Rotor Translation, Y 

53 

623.3 

HPOTP Rotor Bending, Y (HPFTP Rotor Rocking) 

54 

643.9 

HPOTP Rotor Bending, Z 

55 

647.9 

Third Engine Axial, X 

56 

650.7 

HPOTP Rotor Axial, X 

57 

654.8 

HPFTP Case Torsion, X 

58 

668.7 

Fifth Engine Torsion, X 

59 

671.4 

Pump Cases and Rotors Bending, Y 

60 

685.9 

Actuator Arms 

61 

693.2 

HPFTP Turbine Case Bending, Z 

62 

697.1 

HPOTP Case Torsion, X 

63 

700.5 

HPOTP Rotor Axial 

64 

710.9 

Second HPFTP Diffuser Torsion, X 

65 

718.7 

Second HPFTP Diftoser Betkiing, Y 

66 

728.3 

First HPFTP Rotor Torsion, X 

67 

730.5 

Second HPFTP Rotor Torsion, X 

68 

751.4 

HPFTP Hot Gas Manifold Bending, Y 

69 

765.9 

Fourth Elaine Axial, X 

70 

770.3 

Fourth Engine Bending, Z 

71 

784.0 

HPOTP Rotor Axial, X (Engine Bending) 

72 

807.5 

HPOTP Rotor Axial, X (Engine Bending) 

73 

811.8 

HPFTP Rotor Bending, Z 

74 

816.0 

HPFTP Rotor Bending, Y 

75 

828.4 

Actuators (Engine Bending, Z) 

76 

873.1 

Actuators (Ei^ine Beivling, Z) 

77 

882.2 

Fifth Et^ii^ Axial (Actuators) 

78 

895.4 

HPFTP Rotor Bending, Z 

79 

897.9 

HPFTP Rotor Bending, Y 

80 

911.7 

HPFTP Case Axial, X 
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